Abstract. We propose a novel method of one-shot parallel complex Fourier-domain optical coherence tomography using a spatial carrier frequency for full range imaging. The spatial carrier frequency is introduced into the 2-D spectral interferogram in the lateral direction by using a tilted reference wavefront. This spatial-carrier-contained 2-D spectral interferogram is recorded with one shot of a 2-D CCD camera, and is Fourier-transformed in the lateral direction to obtain a 2-D complex spectral interferogram by a spatial-carrier technique. A full-range tomogram is reconstructed from the 2-D complex spectral interferogram. Recently Fourier domain optical coherence tomography ͑FDOCT͒ 1 has attracted great attention because of its high speed and sensitivity compared to the conventional timedomain OCT ͑TDOCT͒. However, FDOCT suffers from the complex conjugate ambiguity due to its straightforward Fourier transformation of the real-valued spectral interferogram, which reduces the available imaging depth range to half the original area. In addition, the presence of dc and autocorrelation noises obscures the FDOCT image.
Recently Fourier domain optical coherence tomography ͑FDOCT͒ 1 has attracted great attention because of its high speed and sensitivity compared to the conventional timedomain OCT ͑TDOCT͒. However, FDOCT suffers from the complex conjugate ambiguity due to its straightforward Fourier transformation of the real-valued spectral interferogram, which reduces the available imaging depth range to half the original area. In addition, the presence of dc and autocorrelation noises obscures the FDOCT image.
Over the last few years, various methods to reconstruct a complex spectral interferogram in FDOCT for full-range imaging have been proposed. First a phase-shifting method was used, 2 where multiple phase-shifted spectral interferograms are detected to reconstruct a complex spectral interferogram. However, it requires high stability of the interferometer and the sample, which makes it difficult to apply to in vivo measurement. Simultaneously, phase-shifting methods were proposed to avoid this problem, but these methods increase the system complexity and cost because of the use of 3 ϫ 3 fiber couplers 3 or polarization-based optical components. 4 Recently, carrier-frequency-based methods have been employed. In one method a carrier frequency is introduced into the spectral interferogram corresponding to one lateral measurement position, 5, 6 i.e., an A scan. In another, a carrier frequency is introduced into successive A scans corresponding to different lateral measurement positions, i.e., a B scan. [7] [8] [9] The common characteristic of all the preceding methods is that the carrier frequency is generated in the form of time-dependent phase modulation with various kinds of frequency shifters or phase modulators. When a time-varying object is measured with these methods ͑e.g., in vivo imaging͒, a high temporal carrier frequency is required. For time-varying objects, a spatial carrier technique is more suitable, because its carrier frequency is generated by spatially dependent phase modulation at an instant of time. 10 In this letter, we combine a spatial carrier technique with parallel FDOCT 11 to achieve a one-shot parallel complex FDOCT for full-range imaging, in which a spatial carrier frequency is introduced into the two-dimensional ͑2-D͒ spectral interferogram along the lateral positions by using a tilted reference wavefront. This spatial-carrier-contained 2-D spectral interferogram is recorded in a single shot at an instant of time with a 2-D CCD camera. A similar optical scheme of reference wavefront tilt has been previously used to realize a one-shot phase-shifting FDOCT, 12 where five spectral fringes with different phase offsets are captured by a 2-D CCD camera to obtain a 1-D complex spectral interferogram for one lateral position with a five-frame phaseshifting algorithm. Here, we use the reference wavefront tilt to reconstruct the 2-D complex spectral interferogram by Fourier transformation 13 from the spatial-carrier-contained 2-D spectral interferogram recorded with a single shot of the 2-D CCD camera A schematic diagram of the proposed one-shot parallel complex FDOCT using a spatial carrier frequency is shown in Fig. 1 . The optical setup is based on a parallel FDOCT using linear illumination and 1-D imaging optics. 11 The light from a broadband source is collimated by a lens ͑L1͒ and split into the reference and probing beams by a cube beamsplitter ͑BS͒. A linear illumination beam generated by a cylindrical lens ͑CL͒ is focused through two lenses ͑L2 and L3͒ onto the reference mirror ͑RM͒ and a sample along the vertical direction ͑x axis͒, respectively. beams reflected back from the reference mirror and from within the sample provide a 2-D spectral interferogram with a spectrometer consisting of a diffraction grating ͑DG͒, an achromatic lens ͑L4͒, and a 2-D CCD camera. The wavelength is dispersed on the CCD along the horizontal direction ͑y axis͒. The line-field-illuminated lateral points on the sample are imaged on the camera along the x-axis direction. Thus, the two dimensions of the 2-D spectral interferogram are in the spectral direction ͑y axis͒ and the lateral direction ͑x axis͒, respectively. By tilting the reference mirror along the x-axis direction as shown in Fig.  1 , resulting in a tilted reference wavefront, a spatial carrier frequency is introduced into the 2-D spectral interferogram in the lateral direction, which can be expressed as
where k =2 / is the wave number; z n is the one-way optical path difference between the beam reflected by the n'th interface within the sample and the beam reflected by the reference mirror; x is the lateral position; is the tilt angle of the reference mirror along the x-axis direction; g 0 ͑k , x͒ includes the dc and autocorrelation terms; ␣ n is the reflectivity of the n'th interface of the sample; ␤ 0 is the reflectivity of the reference mirror; and S͑k͒ is the spectrum of the light source. Equation ͑1͒ can be rewritten as
where n ͑k͒ =2kz n , b n ͑k͒ = S͑k͒͑␣ n ␤ 0 ͒ 1/2 exp͓i n ͑k͔͒, f x0 = ͑2 sin ͒ / , and * denotes the complex conjugate operator. The Fourier transform of g͑k , x͒ with respect to lateral position x for each k is given by
where G and B are the Fourier spectra of g and b, respectively, f x is the spatial frequency in the lateral direction, and f x0 is the lateral spatial carrier frequency caused by the tilted wavefront of the reference mirror. When the lateral spatial variations of g 0 , b n , and n are slow compared with the spatial carrier frequency f x0 , the Fourier spectra in Eq. ͑3͒ are separated from each other. By frequency-domain bandpass filtering, we can obtain the spectrum of ͚ n B n ͑k , f x − f x0 ͒, and translate it by f x0 toward the origin to obtain ͚ n B n ͑k , f x ͒. Then taking the inverse Fourier transform of ͚ n B n ͑k , f x ͒ with respect to f x for each k gives the complex spectral interferogram as follows:
The inverse Fourier transform of g comp ͑x , k͒ with respect to k for each x yields
where ⌫ is the first-order electric field correlation function. From the amplitude of I͑x , z͒ a tomogram free of the complex conjugate ambiguity as well as dc and autocorrelation noises is obtained, leading to a doubled imaging depth range. As a result, full-range complex parallel FDOCT imaging is achieved with a single shot of the 2-D CCD camera.
Cross-sectional imaging of a glass slip object was performed to confirm the principle of our method. The system shown in Fig. 1 was built. The broadband light source used in the experiment was a superluminescent diode ͑SLD͒ with a central wavelength of 798 nm and a 19-nm full width at half maximum ͑FWHM͒ that provides a depth resolution of 15 m in air. The spectrometer consisted of a diffraction grating ͑600 grooves/ mm͒, an achromatic lens with a focal length of 250 mm, and a 2-D CCD camera with a frame rate of 60 Hz ͑9 bits, 648ϫ 494 pixels, 7.4 ϫ 7.4 m pixel size͒. The spectrometer has a designed spectral resolution of 0.05 nm, allowing for a full-range system imaging depth of 6.4 mm in air.
The optical system for linear imaging in the lateral direction has a magnification of 2.5, an imaging length of 1.1 mm, and a lateral resolution of 6 m determined by the pixel size of the CCD camera. However, the lateral resolution will be deteriorated in practice by the coherent crosstalk in the lateral direction when measuring biological samples, which can be suppressed by using a spatially incoherent light source such as a thermal light source, at the price of having only a small available optical power. 11 The lateral imaging length and resolution respectively determine the spatial frequency resolution and maximum available spatial frequency in the lateral direction, according to the sampling theorem.
By tilting the reference mirror at an appropriate angle of 0.65 deg, we introduced a spatial carrier frequency f x0 of 28 mm −1 at the central wavelength of 798 nm into the 2-D spectral interferogram in the lateral direction, which separated the interferogram's lateral spectra from each other. It should be noted that in order to achieve the best separation of the lateral spectrum, and thus the best suppression of the complex conjugate ambiguity, the tilt angle of the reference mirror is preferably chosen such that the introduced spatial carrier frequency is equal to half the maximum available spatial frequency determined by the lateral imaging resolution. In this case the lateral spectrum of the measured object will be shifted to the center of the half Fourier space, where the maximum bandwidth of the lateral spectrum that can be separated is obtained. Figure 2͑a͒ shows the 2-D spectral interferogram with spatial carrier in the lateral direction recorded by a single shot of the 2-D CCD camera. Its Fourier spectrum with respect to the lateral position was obtained by fast Fourier transformation along the lateral position x, as shown in Fig.  2͑b͒ . In Fig. 2͑b͒ we can see that three spectra are separated from each other, centering at spatial frequencies of f x = Ϯ f x0 and f x = 0. The spectrum around the spatial carrier frequency f x0 was filtered out for each wavelength , and translated to the origin. Then the translated spectrum was inverse-Fourier-transformed along f x to obtain the 2-D complex spectral interferogram, from which a full-range tomogram could be obtained. The processing time for calculating the full-range tomogram comprising 390 A-scan lines ͑640 pixels per A-scan line͒ is Ϸ30 s with the algorithm implemented in MATLAB on a Pentium 4 CPU operating at 1.7 GHz. Figure 3͑a͒ shows the tomogram of the glass slip obtained by our proposed one-shot parallel complex FDOCT, where the complex conjugate ambiguity ͑CC͒ and the dc and autocorrelation ͑AC͒ noises are eliminated, compared with the tomogram obtained by a straightforward FDOCT as shown in Fig. 3͑b͒ . The suppression ratio of the complex conjugate ambiguity is better than 30 dB. There are still some residual lines in the tomogram of Fig. 3͑a͒ , which are caused by the sidelobe generated by the Fourier transform of the filtering window function. These residual lines can be eliminated by utilizing a sidelobe-suppressed filtering window function such as Hamming window function. With a power at the sample of ϳ1 mW, the system sensitivity was measured to be 75 dB, and a sensitivity falloff of 30 dB was observed at a distance of 3 mm from the zerodelay position.
In conclusion, a one-shot parallel complex FDOCT method using a spatial carrier frequency has been proposed for full-range imaging. A reference beam with tilted wavefront is used to introduce the spatial carrier frequency into the 2-D spectral interferogram. A full-range FDOCT tomogram is retrieved from a single spatial-carrier-contained 2-D spectral interferogram by a Fourier transform method. The advantages of the proposed method over the temporalcarrier-frequency method are that no additional phase modulator is required and the fringe washout effect due to the time-varying phase modulation is avoided.
It should be mentioned that our proposed system is still limited by the coherent crosstalk among the lateral points in the measurement of biological samples, because of the use of a line-field parallel FDOCT system. Recently the application of line-field parallel FDOCT to in vivo human retinal imaging has been demonstrated, 14 where the integration time of the CCD camera is optimized to suppress the sensitivity degradation due to the sample's axial motion. We believe the proposed method here is helpful in achieving a fast and simple full-range parallel complex FDOCT system for in vivo imaging of thick biological tissue such as the anterior eye. 
